Post-menopausal osteoporosis is considered to be an inflammatory process, in which numerous proinflammatory and T cell-derived cytokines play a bone-destructive role. IL-17A is the signature cytokine of the pro-inflammatory Th17 population, and plays dichotomous roles in diseases that affect bone turnover. Whereas IL-17A promotes bone loss in rheumatoid arthritis, it is protective against pathogen-induced bone destruction in a periodontal disease model. We used a model of ovariectomy-induced osteoporosis (OVX) in IL-17RA KO mice to evaluate the role of the IL-17A in bone loss caused by estrogen deficiency. Unexpectedly, IL-17RA KO mice were consistently and markedly more susceptible to OVX-induced bone loss than controls. There were no changes in prototypical Th1, Th2 or Th17 cytokines in serum that could account for increased bone loss. However, IL-17RA KO mice exhibited constitutively elevated leptin, which further increased following OVX. Consistently, IL-17A and IL-17F treatment of 3T3-L1 pre-adipocytes inhibited adipogenesis, leading to reduced production of leptin. In addition to its role in regulating metabolism and satiety, leptin can regulate bone turnover. Accordingly, these data show that IL-17A negatively regulates adipogenesis and subsequent leptin expression, which correlates with increased bone destruction during OVX.
Introduction
Osteoporosis is characterized by low bone mass and loss of structural integrity. In the U.S., 10 million individuals are estimated to have the disease and 34 million have low bone mass, placing them at increased risk. Despite much research effort, the molecular mechanisms involved in bone loss induced by estrogen deficiency remain poorly understood. Many proinflammatory cytokines, including interleukin (IL)-6 and TNF-α, have been implicated in the pathogenesis of osteoporosis. The pro-inflammatory cytokine IL-17A (also known as IL-17) acts upstream of IL-6 and synergizes with TNFα to promote inflammation and bone turnover in rheumatoid arthritis (RA) (reviewed in [1] ). However, the role of IL-17A in osteoporosis is unknown.
IL-17A and the related cytokine IL-17F are produced by a newly-discovered subset of T helper lymphocytes, termed Th17 cells [2] . These cells develop in the context of TGF-β, IL-1 and IL-6 and undergo expansion and activation in the response to IL-23. IL-17A and IL-17F can also form heterodimers, and all 3 IL-17 isoforms are produced by γδ T cells, CD8+, NK and LTi (lymphoid tissue inducer) cells. IL-17-producing cells play important roles in host defense, particularly against extracellular pathogens. Conversely, Th17 cells drive immunopathology in autoimmune tissue injury [3] . Of particular relevance to bone diseases, IL-23 and IL-17A both contribute to the bone pathology in various models of inflammatory arthritis. This occurs in part by upregulating the relative ratio of RANKL (receptor activator of NF-κB ligand) to osteoprotogerin (OPG), which promotes osteoclastogenesis [4] . Blocking IL-17A or IL-23 in collagen-induced arthritis (CIA) reduces disease, and IL-17A-deficient mice are resistant to CIA and spontaneous arthritis in IL-1Ra-deficient mice (reviewed in [1] ). In addition, Th17 cells express high levels of RANKL, providing a direct mechanism by which they may drive mediate bone destruction [5] . IL-17A induces production of TNF-α and IL-1β in macrophages [6] , and synergizes with IL-1β and TNF-α in many cell backgrounds to increase the synthesis of pro-inflammatory effectors such as IL-6, IL-8 and matrix mellaproteinases [7, 8] . IL-1β, IL-6 and TNF-α are all associated with increased osteoclastogenesis following OVX [9] [10] [11] [12] . Indeed, IL-6 KO and TNF-α KO mice are protected from estrogen deficiency-induced bone loss [10, 13] . Thus, IL-17A and related pro-inflammatory cytokines have potent bone-destructive capacities in RA and other bone-destructive settings.
In contrast, IL-17A and IL-23 are bone-protective in certain situations. For example, bone destruction in periodontal disease (PD) occurs in the alveolar (jaw) bone crest, and is mediated by an exuberant inflammatory reaction following infection with anaerobic bacteria such as Porphyromonas gingivalis. In a mouse model of P. gingivalis-induced periodontal bone loss, the IL-17 receptor (IL-17RA) plays a bone-protective function by enhancing neutrophilic responses, which limit bacterial colonization [14] [15] [16] . Interestingly, the effects of IL-17A are more profound in female mice, suggesting a gender-biased activity of this cytokine [14] . There is also evidence that IL-23 inhibits osteoclastogenesis and is required for maintenance of bone mass in mice [17] , indicating a bone-protective role for IL-23 that is independent of infection. Accordingly, depending on context, the IL-23/IL-17A axis plays dichotomous roles in regulating bone. The role of IL-17A in the pathogenesis of postmenopausal osteoporosis is unknown. Osteoporosis is considered to be a pro-inflammatory disease [18] with many parallels to RA [19] . Accordingly, it was compelling to dissect the role of IL-17A and its receptor in the pathogenesis of osteoporosis.
Results

IL-17RA-deficient mice exhibit reduced bone mineral density following ovariectomy
Since IL-17A activity correlates with other cytokines known to promote bone loss in osteoporosis models (e.g., IL-6, TNFα, IL-1β), we postulated that IL-17A would promote systemic bone loss following OVX. To test this hypothesis, OVX-induced bone loss was evaluated in IL-17RA-deficient mice, which cannot respond to IL-17A or IL-17F. First, we measured the baseline bone mineral density (BMD) in wild type (WT) and IL-17RA KO mice using a PIXImus TM DXA (dual X-ray absorptimetry) densitometer at 16 weeks, as mice acquire peak bone density by this age [20, 21] . WT and IL-17RA KO mice showed highly similar baseline BMD (data not shown). Mice were subjected to OVX or sham surgery, and DXA scans were performed 2, 4, 6 and 8 weeks later. Starting at 4 weeks post-OVX and continuing throughout the experiment, WT mice exhibited approximately 5% reduced whole body BMD compared to baseline (Fig 1) , comparable to previous studies [22] . In 3 independent experiments, IL-17RA KO mice consistently showed significantly reduced BMD compared to WT, reaching ∼10% bone loss by weeks 6-8 ( Fig. 1B and data not shown) . DXA measurements of the lumbar spine also showed that IL-17RA KO mice had lower bone mineral density than WT starting at 4 weeks post-OVX and continuing throughout the duration of the experiment (Fig 1A; 6-week data are shown). Although spine BMD measurements were more variable than whole body BMD, the trend to reduced bone loss was statistically significant. Thus, contrary to expectations, IL-17RA signaling protects against estrogen deficiency-induced bone loss.
Weight gain in IL-17RA KO and WT mice
We and others have observed that IL-17RA KO mice weigh more than their WT counterparts. As shown, IL-17RA KO mice at baseline weighed an average of 23.07 g, whereas WT mice weighed an average of 20.1 g (Fig 2A) . Following OVX, both WT and IL-17RA KO mice gained weight, as described previously [23] . However, while sham-treated WT mice did not gain weight, IL-17RA KO sham-treated animals did steadily gain weight, similar to WT mice undergoing OVX (Fig 2B) . Accordingly, body weight is regulated abnormally in IL-17RA KO mice, which could potentially impact systemic physiological processes.
Cytokine profile of WT and IL-17RA knockout mice following OVX
The finding that IL-17RA KO mice show elevated OVX-induced bone loss was quite unexpected, given the pro-inflammatory nature of IL-17A and the bone-destructive capacity of IL-17A and its downstream gene targets in RA. To better understand the mechanistic basis for this difference, we evaluated cytokine levels in sera of IL-17RA KO and WT mice, collected at baseline (1 week before OVX), and at 5 and 8 weeks post-OVX (Table 1) . We assessed multiple cytokines based on their known roles in osteoporosis [11, 18, 24] or in Th1, Th2 or Th17 cells [16] (see also Discussion). Surprisingly, no significant differences in most cytokine levels were observed between WT and IL-17RA KO mice (Table 1 , data not shown). TGF-β levels increased after OVX in both groups of mice, but no significant differences were observed between WT and IL-17RA KO mice. No significant changes were seen in Th1-associated cytokines such as TNFα and IFNγ or Th2-associated cytokines such as IL-4 (not shown) or IL-13 (Table 1 ). There were also no significant changes in the levels of IL-17A, and IL-23 was below the limit of detection (data not shown). IL-17F was not examined. This analysis suggests that either IL-17A modulates bone remodeling independently of these cytokines, or else IL-17A may affect cytokines in the local milieu proximal to bone, and such changes are not reflected in the peripheral blood.
IL-17R KO mice have elevated leptin levels, both at baseline and following OVX
In addition to examining inflammatory and immunoregulatory cytokines, we also evaluated the IL-6-family cytokine leptin. Leptin was included in the study based on the observation that IL-17RA KO mice are consistently overweight (Fig. 2) . Leptin was first discovered for its role in controlling satiety and body weight, but has since been implicated in bone metabolism [25, 26] . At baseline, IL-17RA KO mice had elevated leptin in serum compared to WT mice. Specifically, the mean of WT mice (sham and OVX groups combined) was 1820+352 pg/ml, whereas the mean of the IL-17RA KO mice was 3904±669 pg/ml (Table 1 , Fig. 3A ). At 5 and 8 weeks post-OVX, both WT and IL-17RA KO mice showed higher levels of leptin compared to baseline, but the leptin levels in IL-17RA KO mice were considerably and significantly higher than in the WT mice at both time points (Fig. 3B) . The IL-17RA KO mice that underwent sham surgery also showed higher levels of leptin as they aged, suggesting that IL-17RA KO mice have higher leptin levels for reasons in addition to estrogen-deficiency.
IL-17 downregulates leptin in 3T3L-1 cells
The role of leptin in bone metabolism is complex and not well understood. Leptin has been shown to cause bone loss through a central pathway in the hypothalamus [27] . Conversely, leptin is bone protective through a peripheral pathway [28, 29] . Since we observed that the accentuated bone loss in the IL-17RA KO mice correlated with elevated leptin, we hypothesized that leptin may act through the central pathway to trigger increased bone loss. According to this model, IL-17 would be expected to inhibit leptin expression. To test this possibility, we assessed the effects of IL-17 on leptin expression in adipocytes. 3T3-L1 pre-adipocyte cells were stimulated to differentiate into adipocytes for 11 days in vitro, and the effects of IL-17RA agonists (IL-17A and IL-17F) on leptin expression was determined. In addition, since IL-17A and IL-17F are known to exhibit potent synergy with TNFα [30] , we also evaluated the effects of these cytokines in the presence of low levels (2 ng/ml) of TNFα. Strikingly, IL-17A, IL-17F (to a lesser extent) and TNF-α individually and synergistically suppressed leptin production in differentiated 3T3-L1 cells (Fig 4A) . Moreover, this correlated with reduced differentiation, indicated by Oil Red O staining (Fig 4B) . This finding indicates that IL-17RA signaling, particularly in concert with TNFα, downregulates adipocyte differentiation and hence inhibits leptin production. Thus, in IL-17RA KO mice, leptin levels are increased, which correlates with higher bone loss post-OVX.
Discussion
The mechanisms of estrogen deficiency-induced osteoporosis remain poorly understood. Many cytokines, chemokines and chemokine receptors modulated by IL-17A or acting synergistically with IL-17A have been implicated in the pathogenesis of osteoporosis, which led us initially to predict that IL-17A would be bone-destructive in this context. However, our findings demonstrated that signaling through IL-17RA plays a strongly protective role in OVX-induced bone loss, as IL-17RA KO mice exhibited more bone loss than WT mice (Figure 1) . The only cytokine that we found to be implicated in this process is leptin, which is increased in IL-17RA KO mice compared to WT. Leptin plays roles in both bone turnover and weight control [25] , and here we show that IL-17 signaling inhibits both adipogenesis and leptin expression. Thus, IL-17RA appears to impact osteoporotic systemic bone loss in a complex and unexpected manner.
Cytokines and bone remodeling
Bone mass is regulated by a coordinated balance between bone-destructive osteoclasts (OCs) and bone-forming osteoblasts (OBs). OC development outpaces OB development, hence favoring bone loss during active bone remodeling. OC differentiation is mediated by the TNFR superfamily cytokine RANKL in combination with M-CSF (Macrophage-Colony Stimulating Factor). RANKL is inhibited by a soluble decoy receptor OPG (osteoprotegerin), which binds to RANK and prevents osteoclastogenesis [31, 32] . Cytokines produced or regulated by T cells can enhance OC formation during inflammation and estrogen deficiency by increasing the RANKL:OPG ratio [24] . Estrogen deficiency also increases the RANKL:OPG ratio through increases in proinflammatory effectors, including IL-1β, IL-6, IL-11, TNF-α, M-CSF and PGE 2 [33] [34] [35] . IL-17A has been shown to increase RANKL expression and other inflammatory effectors in OBs, further stimulating bone turnover [8, 36] . Conversely, while T cells are a source of pro-osteolytic stimuli, they can also secrete factors that inhibit osteoclast formation, including IFN-γ, GM-CSF, IL-3, OPG, IL-4, IL-10, IL-13, and osteoclast inhibitory lectin (OCIL) [17, 37] .
Osteoporosis is a pro-inflammatory state with increased inflammatory cytokines and activated T-cells [19] . A compelling reason to look into the role of IL-17 signaling in osteoporosis was previous evidence regarding the role of IL-6 in this setting. Since IL-17A is a potent inducer of IL-6, especially in combination with TNF-α, we predicted that IL-17A would act upstream of IL-6 to promote osteoporosis. However, our data revealed that IL-17RA signaling is protective in estrogen deficiency-induced bone loss. Although unexpected, this finding is consistent with a recent report that IL-23, a key upstream regulator of IL-17A, is bone protective under physiological conditions. The effects of IL-23 are mediated indirectly through lymphocytes, and GM-CSF is essential for this effect [17] . We did not assess GM-CSF in the present study, but it would be interesting to evaluate this cytokine in the future.
Cytokines and bone loss
To gain insight into the mechanisms underlying IL-17RA-mediated bone loss in OVX, we performed a phenotyping analysis of serum samples at 0, 5 and 8 weeks (Table 1 and data not  shown) . Surprisingly, there were no major changes in typical Th effector cytokines of the Th1, Th2 and Th17 lineages. With regards to Th1 cytokines, IFNγ was somewhat higher in IL-17RA KO mice, but this was not statistically significant. IFNγ has complex effects on osteoclastogenesis and bone resorption, depending on the system and the model employed. IFNγ has direct anti-osteoclastogenic effects on OC differentiation. However, in vivo the net effect of IFNγ is to stimulate osteoclastogenesis via upregulation of antigen presentation. This process leads to T cell activation and proliferation, with a consequent upregulation of osteoclastogenic cytokines including RANKL and TNFα [38] . In our serum analyses, IFNγ levels were somewhat higher in IL-17RA KO vs. WT at 5 weeks post-OVX (88.6±34.3 pg/ml in WT vs. 310.7±150.6 pg/ml in IL-17RA KO ) but this did not reach significance. TNFα is sometimes considered a Th1 cytokine, although it is produced primarily by monocytes. IL-17A and TNFα potently synergize to regulate target gene expression [8] . There are numerous reports evaluating the role of TNFα in OVX-induced bone loss [13, [39] [40] [41] . Collectively, these studies suggest that upregulation of TNF-producing cells in the bone marrow is a mechanism by which estrogen deficiency induces bone loss. Indeed, functional blockade of TNFα in mice leads to protection from OVX-induced bone loss [41] . In our samples, levels of TNFα were not significantly different between WT and the IL-17RA KO mice (Table 1) . One complication in comparing these prior studies to our findings is the time point at which OVX was performed; whereas we performed surgery at 16 weeks of age, the above-referenced reports performed OVX at 6 weeks, before the onset of peak bone mass in mice. Alternatively, it is possible that TNFα acts locally in the bone marrow while its levels remained unchanged in the serum.
Similarly, Th2 and Th17 cytokines did not vary significantly with OVX in IL-17RA KO mice. IL-4 was undetectable (data not shown), and IL-13 levels were variable. IL-13 is secreted by Th2 cells and regulates inflammatory responses in allergy. IL-13 has been shown to inhibit proliferation and stimulate IL-6 formation in human OBs [42] . However, IL-13 remained unchanged in WT vs. IL-17RA KO (115±83.3 pg/ml in IL-17RA KO vs. 40.23±27.0 pg/ml in WT). TGFβ controls Th17 differentiation, together with IL-6 and IL-1 (reviewed in [3] ). Estrogen prevents bone loss through TGFβ signaling in T cells [22] . The authors of that study observed decreased TGFβ following OVX. However in our study, no significant change was observed comparing WT to IL-17RA KO mice (464,410±13,708pg/ml in IL-17RA KO vs. 609,411±53,835pg/ml at 8 weeks post-OVX). As noted, those studies were also performed in much younger mice and hence are not directly comparable to our model. Although IL-17A is often elevated in IL-17RA KO mice [43] , we did not find an increase in this cohort, nor did levels change substantially during OVX. IL-23 levels were also undetectable (data not shown). Although IL-23 is implicated together with IL-17 in the pathogenesis of bone destruction in RA, IL-23 inhibits osteoclastogenesis indirectly through lymphocytes and is required for maintenance of bone mass in mice. Thus, despite evidence in the literature that proinflammatory Th-derived cytokines are important in OVX-induced bone loss, the prototypical Th effector cytokines did not change in a manner that could explain the increased bone destruction observed in IL-17RA KO mice.
In contrast to the Th effector cytokines, cytokine analysis revealed that IL-17RA KO mice exhibit elevated leptin, which are further enhanced following OVX. This finding suggested that IL-17 may act to suppress leptin expression. Consistently, we found that IL-17A (and the closely related cytokine IL-17F) downregulates adipogenesis and leptin production in differentiated 3T3-L1 adipocytes, an effect that was more pronounced in the presence of TNFα (Fig 4) . Consistent with this, a new report shows that IL-17A inhibits adipocyte differentiation and adiponectin expression in a human mesenchymal stem cell (hMSC) system [44] . Moreover, IL-17 accelerates differentiation of hMSCs into osteoblasts [45] . Putting these observations together, it is plausible that the balance of MSC differentiation in IL-17RA KO mice is tipped in favor of adipogenesis rather than osteoblastogenesis during bone remodeling in OVX, thus favoring accelerated bone destruction (Fig 5A) .
This finding was initially surprising, as IL-17RA KO mice are consistently heavier than ageand sex-matched WT mice (Fig 2) . However, obesity is often associated with leptin resistance and elevated leptin levels in serum [28] , and hence the high basal levels of leptin (Fig 3A) may reflect an altered metabolism that predisposes to obesity in these mice. In humans, osteoporosis negatively correlates with body mass. However, this issue is very different in rodents, where a small body size becomes far less subject to the load-bearing effects of gravity. Although these studies do not directly prove a causative role for leptin in the exacerbated bone loss observed in IL-17RA KO mice, they nonetheless highlight the complexity of the IL-17R signaling pathway in mediating complex physiological events. Counter to this, in a small study of obese humans, IL-17A and IL-23 have been linked to obesity, independent of leptin levels [46] . Thus, further studies are needed to understand the relationship between body mass and bone regulation.
The skeletal effects of leptin are complex and regulated across multiple pathways. Acting centrally through the hypothalamus, leptin exerts opposing effects on cancellous versus cortical bone. Specifically, leptin deficient (ob/ob) mice have higher density of cancellous bone but lower cortical and total bone density [28] . Leptin also exerts effects peripherally through direct action on osteoblasts, resulting in increased bone mass [28] . Based on our data, another plausible explanation is that the predominant effect of leptin in the context of estrogen deficiency-induced osteoporosis occurs through the hypothalamus acting to inhibit osteogenesis. IL-17A normally helps limits production of leptin; thus, its absence in IL-17RA KO mice correlates with reduced bone formation (Fig 5B) .
Although this work has focused on the roles of IL-17RA and its ligands IL-17A and IL-17F, there is increasing evidence that IL-17RA acts as a commonly shared subunit within the larger IL-17 receptor family. For example, it was recently shown that IL-17RA is an essential receptor for IL-17E/IL-25 signaling [47] . Moreover, IL-17RA has been reported to pair with IL-17RD in an overexpression system [48] , although the cognate ligand for an IL-17RA/IL-17RD complex is as yet unidentified.
Clearly, far more work needs to be done to dissect the molecular role of IL-17RA signaling in estrogen deficiency-induced bone loss. This area is particularly important due to the impending use of anti-cytokine therapies that are designed to block IL-17A or its receptor in autoimmune disease. Since the target populations for RA and osteoporosis have considerable overlap (namely, post-menopausal women), the potential side effects of blocking IL-17A with respect to osteoporosis need to be considered.
Materials and Methods
Mice, ovariectomy and bone densitometry IL-17RA KO mice on the C57BL/6 background were kindly provided by Amgen (Seattle, WA). C57BL/6 mice were from The Jackson Laboratory (Bar Harbor, ME). All data were generated from female, age-matched littermates (n=7-8). Ovariectomy was performed on 16-week-old mice under general anesthesia. At necropsy (8 post-surgery), uterus atrophy was used to confirm successful ovariectomy retrospectively. Bone densitometry measurements of whole body or spine were taken using PIXImus TM bone densitometer (GE Lunar Medical Systems) under general anesthesia, subtracting contributions from the head. All procedures were approved by the Institutional Animal Care and Use Committee of the State University of New York at Buffalo.
Cytokine profiling
Serum samples were collected by retro-orbital bleeding, or by heart puncture after sacrifice. Samples were analyzed by mutiplex assay using the Thermo Scientific (SearchLight TM ) array system.
Adipogenesis studies
3T3-L1 cells were from ATCC (Manassas, VA). Cells were grown to confluence in 6 well plates in maintenance media [High glucose DMEM, Bovine Calf Serum, Pen-Strep, Nonessential amino acids, Pantothenate, Biotin (Invitrogen, Carlsbad CA)]. Two days after reaching confluence, cells were incubated with an adipogenesis cocktail consisting of 0.07mg/ ml Insulin (bovine pancreas), 0.0004mg/ml dexamethasone, 0.5mM 3-isobutyl-1-methylxanthine (IBMX), 0.003mg/ml ciglitizone (Sigma, St. Louis MO) with IL-17A (200ng/ ml; Peprotech), IL-17F (200ng/ml; Peprotech), TNFα (2ng/ml; Peprotech, Rocky Hill, NJ) for 4 days. Thereafter cells were allowed to load lipid for 4-6 days. Leptin ELISA was performed in triplicate using a kit from R&D Systems(Minneapolis, MN).
Statistical analyses
Data are presented as the means ± SEM. Statistical comparisons were by Student's unpaired two-tailed t test (Graph Pad Prism). P values ≤ 0.05 were considered significant. A. Weight (g) of WT and IL-17RA KO mice taken pre-OVX (includes mice from both Sham and OVX groups). *p<0.001 students t-Test. B. Average weight (g) of each group before OVX ("Pre") and at 2-week intervals. Data are taken from the mice depicted in Figure 1 . Table 1 Serum concentrations of selected cytokines during ovariectomy WT or IL-17RA KO mice were subjected to OVX and serum collected at baseline (0 weeks), or 5 and 8 weeks post-OVX. Samples were assayed in by luminex.
Data ± SEM are presented. * only 1 sample was available for analysis. N.D., not determinable, because data were below limit of detection. 
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